eliminate problems associated with seed type sources, RadioMed Corporation (Tyngsboro, MA) introduced RadioCoil 103 Pd sources for interstitial prostate implants. The RadioCoil sources are available in integral lengths ranging from 1.0 cm to 6.0 cm. In this project, dosimetric characteristics of these sources were determined following the TG-43U1 recommendations, with consideration of our recent publication on the evaluation of two-dimensional anisotropy function for elongated brachytherapy sources. Dosimetric parameters of these sources were determined experimentally in Solid Water (Gammex RMI, Middleton, WI) and theoretically using Monte Carlo simulation in Solid Water and liquid water. Per the TG-43U1 protocol, the consensus of these results would be used for their clinical applications.
I. INTRODUCTION
Prostate brachytherapy with 125 I and 103 Pd sources is a treatment of choice for patients with early-stage prostate cancer. Despite the enormous successes and improvements in interstitial brachytherapy, seed migration and embolization are two of the remaining risks associated with loose seed implants. (1) (2) (3) (4) (5) Moreover, deviation of the seeds from the preplanned position is also linked with loose seed implants. (6, 7) To eliminate these problems, various pseudo-linear (i.e. stranded) source models have been introduced. The stranded sources are fabricated by connecting a series of seeds in a linear fashion using a bio-dissolvable material. (3) Various investigators have reported a reduction in seed migration with the stranded sources. (2, 3) However, because the stranding process is performed by a company other than the seed vendor, some new problems have emerged. One of the problems is the additional turnaround time between the ordering and receiving of the seeds because of extra shipping processes between the seed vendor and the stranding company and the stranding process itself. In addition, a significant increase (approximately 60%-80%) occurs in the overall price of the seeds.
Favorable outcomes using stranded sources motivated the vendors to develop true linear source models that could resolve the problems associated with loose seed implants without creating additional problems. (8) In this regard, RadioMed Corporation (Tyngsboro, MA) introduced the RadioCoil 103 Pd sources for interstitial brachytherapy implants. Originally, RadioCoil sources were constructed in the form of a dense helix with a 0.35-mm outer diameter. These sources were available in integral lengths ranging from 1.0 cm to 6.0 cm in 1-cm increments. The helical structure not only provides better gripping within the implanted volume, but also enhances ultrasonic and radiographic visibility. (9) Hartford et al. (9) reported the first clinical application of RadioCoil 103 Pd sources for the treatment of stages T1c -T2c prostate cancer. They noted excellent visualization of the RadioCoil 103 Pd sources with fluoroscopy and ultrasound at the time of implant. In addition, post-implant computed tomography scan confirmed the stability of the sources within the target volume and the improved dose homogeneity as compared with seed-type implants. (9) At our institution, the dosimetric characteristics of the original source design have been determined using both experimental and Monte Carlo simulation techniques. (8) Evaluations of sources with active lengths ≤1 cm were performed using TG-43U1 recommendations. (10) However, because of the shortcomings of the TG-43U1 protocol, dosimetric evaluation of the elongated source (that is, ≥1 cm) used the Cartesian coordinate system ("along and away" format). Although the tabulated data in the Cartesian coordinate system were useful for quick dose calculations, they could not be incorporated into current treatment planning systems, which are commonly based on TG-43U1 parameters. Therefore, for clinical application of elongated sources, we introduced in a separate investigation two models as an interim solution for treatment planning with elongated sources. (11) In those models, an elongated brachytherapy source was assumed to behave as a series of linear segmented sources (LSS) or as a series of point segmented sources (PSS). Both of these models are based on the TG-43U1 parameters for 0.5-cm or 1.0-cm source segments. In that publication, the LSS model was demonstrated to be useful for replicating the Monte Carlo-simulated dose distribution of an elongated source (within ±4%) in the area bounded between the two ends of the active length of the source. However, outside the bounded area, up to 13% discrepancies were observed. Therefore, the need for TG-43U1 parameters of elongated sources became apparent and vital with the introduction of a new RadioCoil 103 Pd source design with a 0.8-mm diameter. The following two problems (since resolved as described later in the present paper) were impeding achievement of this objective:
1. One of the unresolved problems was the lack of a definition and appropriate radial increment for the two-dimensional (2D) anisotropy function of elongated sources in the TG-43U1 recommendation. In a separate investigation, Awan et al. (12) showed that implementation of the existing radial increment in the TG-43U1 protocol for 2D anisotropy function may lead to a substantial error (≥30%) in the dose calculation for elongated brachytherapy sources. However, they recommended modifying the radial increments of 2D anisotropy functions to 0.2 cm, 0.5 cm, 1.0 cm, 1.5 cm, ..., (L / 2 -0.2), L / 2, (L / 2 + 0.2), ..., 4.5 cm, and 5 cm for elongated brachytherapy sources with the active length of L. 2. The lack of a National Institute of Standards and Technology (NIST) wide-angle free-air chamber (WAFAC) calibration system for sources longer than 1 cm was the second problem associated with implementing the TG-43U1 protocol in dosimetric evaluation of elongated sources. Currently, the NIST WAFAC calibration system is capable of calibrating brachytherapy sources only ≤1.0 cm in length. In an independent investigation, we introduced an interim solution using a commercially available well-type ionization chamber to calibrate elongated brachytherapy sources. (13) The goal of the present project was to use the TG-43U1 protocol with consideration of the above-noted modifications to determine the dosimetric characteristics of the newly designed RadioCoil 103 Pd brachytherapy sources. The determinations were performed using both experimental and Monte Carlo simulation techniques. In addition, dose profiles in an along-and-away format for a 4.0-cm RadioCoil 103 Pd source were determined for the purpose of comparison with previously published values. (8) 
II. MATERIALS AND METHODS

A. The RadioCoil linear brachytherapy source
The new design of the RadioCoil 103 Pd brachytherapy source was introduced for interstitial brachytherapy treatments. These sources are composed of a coiled ribbon in the form of a dense helix and are available in integral lengths ranging from 1.0 cm to 6.0 cm (with a tolerance of 0.5 mm). In addition to the clinically available active extended-length sources, the vendor provided us with several 0.5-cm sources for the purpose of comparison with other seedtype sources. These sources are fabricated from a ribbon of high-purity rhodium, which is bombarded with protons in a cyclotron to produce radioactive 103 Pd. The palladium activity (approximately 1% by atomic composition) is uniformly distributed throughout the coil. The newly designed RadioCoil sources are 0.8 mm in diameter. Fig. 1 shows a schematic of the newly designed sources. The larger diameter eases source handling and also increases the activity per unit length. The coiled structure of the sources enhances their ultrasonic visibility and provides a better "grip" within the implanted tissue, which reduces the chance of source migration and embolization. The available activity of these sources can range from 0.1 mCi/cm to 13 mCi/cm per linear centimeter (0.13 -16.8 U/cm). 
B. Dosimetry technique
Dosimetric characteristics of the newly designed RadioCoil 103 Pd sources were determined experimentally and theoretically following the updated TG-43 (TG-43U1) protocol from the American Association of Physicists in Medicine (AAPM) (10) and in accordance with the recommendations of Awan et al. (12) and Meigooni et al. (13) The subsections that follow describe the procedures for the experimental and Monte Carlo simulation techniques used in the investigations.
B.1 Experimental dosimetry technique
Dosimetric characteristics of the newly designed RadioCoil 103 Pd sources with active lengths of 0.5 cm, 1.0 cm, and 4.0 cm were measured in Solid Water (Gammex RMI, Middleton, WI) phantom material. The measurements were performed using LiF thermoluminescent dosimeters (TLD-100: Harshaw/Bicron, Solon, OH). The general experimental procedures and phantom designs used in the present investigation are similar to those described in previous publications. (8, (14) (15) (16) However, the subsections that follow describe specific procedures as required.
The dose rate constants of the 0.5-cm, 1.0-cm, and 4.0-cm sources were measured using at least 3 separate sources from each active length. The first set of 0.5-cm and 1.0-cm sources were directly calibrated by NIST (NIST WAFAC 1999 calibration standard, corrected in 2000). The remaining sources were calibrated using a Capintech CRC-7 well-type ionization chamber (Capintech, London, ON) used as a secondary calibration system, following the procedures recommended in our previous publication. (13) The measurements of the dose rate constants were repeated at least twice to verify the reproducibility of the data and to improve the statistical accuracy of the measurements. The final dose rate constant for each source length was extracted from the average of at least 30 TLD chips. Table 1 shows the error propagation for the experimental data in the investigations. The radial dose functions of the 0.5-cm, 1.0-cm, and 4.0-cm sources were measured at radial distances ranging from 0.5 cm to 2.0 cm at 0.5-cm increments using 1-mm 3 TLD cubes, and from 3.0 cm to 7.0 cm at 1.0-cm increments using the 3.1×3.1×0.9-mm TLD chips. The TLDs were placed at the transverse bisector plane of the sources. For each active length, the measurements were performed using at least 6 different sources, received in 3 separate shipments. The measurements were repeated at least twice to improve the statistical uncertainty of measurements (see Table 1 ). The final radial dose function at each radial distance was obtained by averaging the data from 40 different TLD values.
The 2D anisotropy functions of the above noted source lengths were measured in a customdesigned Solid Water phantom by placing TLD cubes in circular arrangements around a horizontal source holder. (14) (15) (16) A total of 23 TLD chips were placed at 1.0-cm radial distances in 15-degree angular increments from 0 degrees to 345 degrees for the sources with active lengths of 0.5 cm and 1.0 cm. Also, 36 TLD chips were placed in each concentric circle for radial distances of 2.0 cm, 3.0 cm, and 5.0 cm at 10-degree angular increments from 0 degrees to 350 degrees for theses sources. For the 4.0-cm sources, 2 TLDs at 0 degrees and 180 degrees for radial distances of 1.0 cm and 2.0 cm were skipped, because these points fall on the active length of the source. For the 2D radial dose function, results were extracted by averaging the anisotropy function in one quadrant. Each measurement was repeated at least twice to achieve better statistics. The final 2D anisotropy functions were obtained by averaging the data from at least 10 different TLD readouts.
In addition to the above noted TG-43U1 parameterization of the sources, the dose distribution around a 4.0-cm RadioCoil 103 Pd source was measured in an along-and-away format. These measurements were performed using a specially designed and machined Sold Water phantom as described in our previous publication. (8) This phantom material accommodates a 4.0-cm source and a total of 104 TLD chips arranged in 8 rows parallel to the longitudinal axis of the source and 13 columns perpendicular to the longitudinal axis of the source. To be consistent with the relevant diagram in our previous publication, (8) the distances between the rows and the longitudinal axis of the source are called "x" and the distances from each column to the transverse bisector of the source are called "z." These TLDs were symmetrically distributed relative to the main axes of the source-that is, 4 rows on each side of the longitudinal axis of the source, 6 columns on each side of the transverse bisector, and 1 column on the transverse bisector. The spacing between the columns and rows was 0.5 cm, and the first row was 0.5 cm from the longitudinal axis of the source. These measurements were repeated 3 times to attain a statistical fluctuation less than ±3%.
B.2 Monte Carlo simulation technique
In the present investigations, we used MCNP5 Monte Carlo code (12, (17) (18) (19) to determine the dosimetric parameters of elongated RadioCoil 103 Pd sources. The TG-43U1 parameters were calculated in water and Solid Water phantom materials. In the simulations, *F4 tally and an energy-dependent mass-energy absorption coefficient were used to obtain the absolute dose rates in the phantom. (19) This code uses a default photon cross-section library, p04, from ENDF/ B-VI. (20) The mass absorption coefficients of Hubbell and Seltzer (21) distributed by NIST were used to obtain absorbed dose from energy flux. The photon energy cut-off was set to 5 keV, which is consistent with the NIST WAFAC calibration standard. (22) In the simulations, the coiled sources were modeled as rhodium cylindrical shells (50 µm thick) with uniformly distributed 103 Pd activity throughout the wall. The sources were virtually placed at the center of a phantom consisting of a spherical volume of liquid water or Solid Water with a radius of 25 cm. Assuming a cylindrically symmetric source structure, circular annulus cells (diameter: 0.05 mm) around the longitudinal axis of the source were employed as the tally cells to score the eligible events. The dose rate constant and radial dose functions were determined by placing the tally cells at the transverse bisector of the source at radial distances ranging from 0.2 cm to 1.0 cm in 0.2-cm radial increments and from 1.0 cm to 8.0 cm in 0.5-cm radial increments. Tally cells had the same chemical composition as the phantom materials. Densities and the chemical composition of the Solid Water, liquid water, and air in these Monte Carlo simulations were obtained from the AAPM TG-43U1 report. (10) Photon emissions and their abundance for palladium were also obtained from the TG-43U1 report. (10) The 2D anisotropy functions of the new RadioCoil 103 Pd sources were simulated in spherical (radius: 20.0 cm) liquid water and Solid Water phantom materials. These calculations were performed for radial distances of 0.2 cm, 0.5 cm, 1.0 cm, ..., (L / 2 -0.2), L / 2, (L / 2 + 0.2), ..., 4.5 cm, and 5.0 cm. For radial distances greater than L / 2, anisotropy functions were calculated for angles ranging from 0 degrees to 90 degrees in 5-degree increments. However, for radial distances of L / 2 or less, the minimum angles were selected in such a way that tally points would not fall on the active length of the source.
Monte Carlo simulations for radial dose functions and 2D anisotropy functions were run up to 8×10 7 starting particle histories. With that number of histories, the statistical uncertainties were found to be less than 2% for all tally points in liquid water and Solid Water. Table 1 presents the error propagation for the Monte Carlo simulation.
The air kerma strength, S K , of each RadioCoil 103 Pd source was calculated in a spherical (radius: 50.0 cm) air-voided (vacuum) phantom. Tally points in those simulations were composed of dry air. The air kerma rates were calculated at radial distances ranging from 0.5 cm to 35 cm in 1.0-cm radial increments. The air kerma strength of the source was calculated from the average of the simulated air kerma rates, multiplied by the square of the radial distances, in the range 20 -30 cm. Monte Carlo simulations for S K were run for 2×10 7 starting particle histories, which maintained statistical uncertainty of less than 0.3% for all the tally points. A detailed description of the Monte Carlo simulation for brachytherapy sources can be found in our previous publication. (11) Dose profiles in the along-and-away format were simulated using the Monte Carlo code for a 4.0-cm source using the same geometric setup described in the experimental procedures. Dose profiles were determined in both Solid Water and liquid water phantom materials. Monte Carlo-simulated values in Solid Water phantom material were compared with experimental data, and dose profiles in water were compared with previously published data. (8) 
III. RESULTS AND DISCUSSION
A. Dose rate constant, Λ Λ Λ Λ Λ Table 2 compares the calculated and measured dose rate constants in Solid Water phantom material of the newly designed RadioCoil 103 Pd sources with active lengths of 0.5 cm, 1.0 cm, and 4.0 cm. The good agreement between the measured and Monte Carlo-simulated values indicates that the correct source and phantom geometries were used in the Monte Carlo simulations. Thus, the same geometric arrangements were used for Monte Carlo simulations of the dose rate constants for sources 1 -6 cm in length in liquid water as shown in Table 3 . In addition, the results indicate that the dose rate constants of the new source designs are within ±4% of the previously published data for sources with a diameter of 0.35 mm. (Table  4 ). In addition, for comparison with other seed-type sources, Table 4 shows the radial dose function of the 0.5-cm source in liquid water. In Fig. 3 , the radial dose function of a 0.5-cm RadioCoil source (diameter: 0.8 mm) is being compared with the published data for RadioCoil (diameter: 0.35 mm) and other commercially available 103 Pd sources. (8, 15, 23) 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000
FIG. 2. Comparison of measured [by thermoluminescent dosimetry (TLD)] and Monte Carlo-simulated (MC) radial dose functions (RDFs
RadioCoil 103 Pd source in water for comparison with conventional seed-type sources. The 2D anisotropy function of the newly designed RadioCoil source with an active length of 0.5 cm is being compared with the published data for RadioCoil (diameter: 0.35 mm), (8) Model 200, (24) and Best 103 Pd (15) sources (Fig. 6) . 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 Fig. 7 compares the Monte Carlo-simulated and experimentally measured dose profiles around a 4.0-cm RadioCoil 103 Pd source at radial distances of 0.5 cm, 1.0 cm, 1.5 cm, and 2.0 cm. These results present good agreement (within ±5%) between the two sets of dose profiles. 
IV. CONCLUSIONS
Experimental and theoretical techniques were used to evaluate the dosimetric characteristics of the newly designed RadioCoil 103 Pd brachytherapy sources with a diameter of 0.8 mm and active lengths of 1.0 -6.0 cm. The evaluations were based on TG-43U1 recommendations, (10) with consideration of the recently published recommendation by Awan et al. (12) on determination of the 2D anisotropy function for elongated sources. In addition, in the absence of a NIST calibration system for elongated sources (active length: ≥1 cm), guidelines provided by Meigooni et al. (13) were used to obtain S K for the elongated sources used in the experimental procedures.
The results of the investigations showed excellent agreement between the measured and calculated dose rate constants of various active source lengths in Solid Water (Table 2 ). In addition, the tabulated dose rate constant of the new source design was determined in liquid water for active lengths of 1.0 -6.0 cm ( Table 3 ). The dose rate constant for the 0.5-cm source is also provided for comparison with other seed-type sources. The results in Table 3 indicate that the dose rate constant of the sources decreases with increasing active length. Moreover, the dose rate constants of the 0.8-mm diameter sources were found to be within 4% of the published values for the 0.35-mm diameter sources. The agreement of the dose rate constants between the two source models can be attributed to identical wall thickness and identical distribution of activity within the wall.
The experimentally measured radial dose functions of the 0.8-mm diameter RadioCoil sources were found to be in excellent agreement with the Monte Carlo-simulated data (Fig. 2) . For clinical application of the new sources, radial dose functions were determined in liquid water using Monte Carlo-simulation techniques (Table 4) . Good agreement was observed between the radial dose function of the newly designed (length: 0.5 cm; diameter: 0.8 mm) RadioCoil 103 Pd source, the published data for the 0.35-mm diameter RadioCoil source (8) , the Model 200 (23) and Best (15) 103 Pd seed-type sources in water (Fig. 3) .
The 2D anisotropy function of the newly designed elongated RadioCoil 103 Pd sources with various active lengths were measured and calculated with Monte Carlo simulation techniques in Solid Water phantom material. The results showed good agreement (within ±5%) between the measured and calculated values (Figs. 4 and 5) . Moreover, a comparison of those results indicated that the variation of 2D anisotropy function with radial distance is much larger when some of the selected radial distances are smaller than L / 2 (compare Figs. 4 and 5) . For clinical application, the Monte Carlo-simulated 2D anisotropy functions of the sources with active lengths of 1.0 -6.0 cm were determined with Monte Carlo simulations ( Tables 5 -11 ). The results of these investigations showed good agreement between the 2D anisotropy function of the newly designed RadioCoil source and the published data for the 0.35-mm diameter source (8) and the Model 200 (24) and Best (15) 103 Pd seed-type sources in water (Fig. 6) .
Dose profiles of the newly designed elongated RadioCoil sources were experimentally determined in Solid Water, and the results were compared with the Monte Carlo data. Excellent agreement between these two sets of data was found (Fig. 7) . In addition, Fig. 8 shows good agreement between the Monte Carlo-simulated dose profiles for the new design of the source (diameter: 0.8 mm) and the published data for the 0.35-mm diameter source. The dose profiles from the two source models are in good agreement because both sources have the same wall thickness and a similar activity distribution within the wall. However, the larger diameter of the new source model results in larger activity per unit length and improved source handling.
In summary, our investigations yielded measured and Monte Carlo-simulated TG-43U1-recommended dosimetric characteristics for the newly designed RadioCoil 103 Pd sources. This information is available for treatment planning of brachytherapy implants with elongated RadioCoil 103 Pd sources.
